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Foxc1 encodes a forkhead/winged helix transcription factor expressed in many embryonic tissues. Previous studies have investigated defects in
the urogenital system of Foxc1 null mutants, but the mechanisms underlying the abnormal development of the gonad have not been explored.
From earliest stages, the mutant ovaries are smaller than normal, with fewer germ cells and disorganized somatic issue. No bursa membrane is
formed, and the oviduct remains uncoiled. Although germ cells are specified correctly, many of them do not migrate to the gonadal ridge,
remaining trapped in the hindgut. Consequently, the number initially reaching the gonad is less than 25% of normal. Once in the ovary, germ cells
proliferate normally, but the supporting somatic cells are not organized correctly. Since mutant embryos die at birth, further development was
followed in ovaries grafted underneath the kidney capsule of ovariectomized females. Transplanted ovaries display normal folliculogenesis up to
preantral stages. However, no follicles develop beyond early antral stages. Mutant follicles are often polyovulatory and have disrupted theca and
granulosa cell layers. We conclude that alongside its previously known roles in kidney, cardiovascular and eye development, Foxc1 has essential
functions during at least two stages of gonad development—germ cell migration and folliculogenesis.
© 2005 Elsevier Inc. All rights reserved.Keywords: Forkhead; Gonad; Primordial germ cell; Folliculogenesis; TGFβIntroduction
The differentiation of the mammalian gonad requires
multiple, highly coordinated interactions between germ cells,
including primordial germ cells (PGCs) and somatic cells. For
example, the initial migration of PGCs along the hindgut and
into the genital ridge requires adhesive interactions between
PGCs, the extracellular matrix and somatic cells (McLaren,
2003; Molyneaux and Wylie, 2004). Once the PGCs have
entered the genital ridges, they influence the differentiation of
the supporting somatic cell lineage. For example, if only a few
PGCs enter the female genital ridge, the somatic cells fail to
differentiate and a streak ovary is formed (Merchant, 1975). Bi-
directional communications between PGCs and somatic cell
lineages are also essential for follicle development and oocyte⁎ Corresponding author. Fax: +1 919 684 8592.
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doi:10.1016/j.ydbio.2005.12.007maturation within the adult ovary (Gilchrist et al., 2004). Gap
junctions and transzonal projections between adjacent granu-
losa cells, and between granulosa cells and the oocyte, provide a
physical basis for a network of intercellular communication
(Kidder and Mhawi, 2002).
Many signaling pathways have been identified that mediate
these reciprocal interactions between cell types in both the
ovary and testis. In particular, members of the transforming
growth factor-β (TGFβ) superfamily play important roles in
PGC and gonad development and maturation (Drummond,
2005; Findlay et al., 2002). For example, the initial specification
of PGCs requires bone morphogenetic proteins (BMPs) (de
Sousa Lopes et al., 2004; Lawson et al., 1999; Ying et al., 2000),
while growth of preantral and antral follicles is dependent upon
local activity of activin, inhibin and TGFβ (Brown et al., 2000;
Liu et al., 1999; Matzuk et al., 1995a,b). The precise
mechanisms through which these and other signaling molecules
act in gonad development are being investigated through a
combination of genetic, in vivo transplantation and in vitro
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Matzuk, 2004; Phillips, 2005; Ross and Capel, 2005).
Along with secreted signaling factors, transcription factors
also play an important role in the interactions between somatic
and germ cells during gonad development. Forkhead/winged
helix proteins constitute one such family of transcription factors
that, besides playing numerous roles in embryonic develop-
ment, including cell fate determination, proliferation and
differentiation, also function during gonadogenesis (Accili
and Arden, 2004; Coffer and Burgering, 2004; Katoh and
Katoh, 2004; Lantz and Kaestner, 2005; Lehmann et al., 2003;
Prueitt and Zinn, 2001). Fox proteins share an evolutionarily
conserved DNA-binding domain and have been identified as
components of different signal transduction pathways, includ-
ing those downstream of TGFβ-related ligands (Rice et al.,
2005; Seoane et al., 2004; Zhao et al., 1998; Zhou et al., 2002).
Several mammalian forkhead family members have been
associated with gonad development and folliculogenesis.
Foxo3a null mice show age-dependent reduced fertility due to
global follicular activation and early depletion of functional
follicles. This suggests that Foxo3a is normally involved in
suppressing the initiation of follicular growth (Hosaka et al.,
2004). Foxl2 is expressed in both somatic and germ cells in
ovaries around the time of sex determination (Schmidt et al.,
2004). In goats, Foxl2 is involved in repressing male sex
determination. Sex reversed XX individuals with polled
intersex syndrome (PIS) have a deletion that encompasses
elements regulating the transcription of at least two genes,
including Foxl2 (Pailhoux et al., 2001; Pannetier et al., 2005). In
mice, Foxl2 is required for initiating folliculogenesis beyond
primary stages and for repressing Sertoli cell fate within the
granulosa cells of the postnatal ovary (Loffler et al., 2003;
Ottolenghi et al., 2005). In Foxl2 homozygous mutants,
granulosa cells within primordial follicles do not undergo
transition to cuboidal cells, leading to an absence of follicles
beyond the primordial stage and eventual oocyte atresia
(Schmidt et al., 2004). One hypothesis for the action of Foxl2
is that it regulates TGFβ-related signaling pathways, such as
those downstream of activin/inhibin (Prueitt and Zinn, 2001).
In her description of the congenital hydrocephalus pheno-
type in mice homozygous for the null allele Foxc1ch, Green
(1970) reported a more anterior position of the gonads, along
with kidney and ureter abnormalities. Foxc1, together with the
closely related gene Foxc2, have since been shown to be
essential for many aspects of mesoderm development, including
patterning of the intermediate mesoderm, from which the
mesonephros, gonad and metanephros develop (Kume et al.,
2000; Kume et al., 1998; Wilm et al., 2004). FOXC1 has also
been shown to be a TGFβ1-responsive gene in human ovarian,
endometrial and cervical cancer cell lines and is inactivated in a
significant fraction of endometrial and ovarian cancers (Zhou et
al., 2002). Taken together, these results suggest that Foxc1 is
required for normal gonad development and that it acts through
TGFβ-mediated signals. In this study, we investigated the role
of Foxc1 in the development of the germ cells and gonads in the
mouse and have identified two processes in particular that are
affected. PGCs are initially specified correctly in Foxc1 nullmutants but do not migrate efficiently to the genital ridges, with
many PGCs remaining trapped in the hindgut. In addition, the
gonads of homozygous mutants are smaller than normal and
disorganized, particularly in posterior regions. Ovaries from
E18.5 Foxc1 mutants transplanted into adult ovariectomized
hosts display normal folliculogenesis up to preantral stages.
However, no follicles develop beyond early antral stages. These
results suggest that Foxc1 is required for signaling between
somatic and germ cells at two stages of PGC and gonad
development. Firstly, for the migration of PGCs out of the
hindgut and into the genital ridges and, secondly, for the
maturation of follicles beyond the early antral stage.
Materials and methods
Mice
Mice heterozygous for the null mutation Foxc1lacZ were maintained by
interbreeding on the Black Swiss background and genotyped as previously
described (Kume et al., 1998). Homozygous Oct4ΔPE:GFP+ mice (Anderson et
al., 1999) were obtained from Christopher Wylie (Cincinnati Children's
Hospital Medical Center) and crossed onto heterozygous Foxc1 mutant mice.
Genotyping primers for Oct4ΔPE:GFP+ were F-5′GGA GAG GTG AAA CCG
TCC CTA GG3′ and R-5′GCATCG CCC TCG CCC TCG C3′ producing a 250
bp fragment (Yeom et al., 1996). Fox Chase Outbred SCID mice were purchased
from Charles River Laboratories.
Tail somite (ts) stages were counted as previously described (Hacker et al.,
1995), where 18 ts corresponds to E11.5 and 30 ts corresponds to E12.5. Noon
on the day of plug was E0.5.
X-gal staining
Whole embryos at E10.5 and genital ridges from E11.5 to E14.5 were
dissected in PBS and transferred to 4% paraformaldehyde (PFA) for 1 h at 4°C, as
described (Kume et al., 1998). Samples were then rinsed in wash buffer (2 mM
MgCl2, 0.02%Nonidet P-40 in PBS) and incubated in lacZ stain (1 mg/ml X-gal,
200 mM K3Fe(CN)6, 200 mM K4Fe(CN)6) at 37°C overnight. After staining,
samples were rinsed in wash buffer and post-fixed in 4% PFA overnight at 4°C.
Histological analysis
Gonads and whole embryos were fixed in 4% PFA at 4°C overnight and
embedded in paraffin wax. Samples were sectioned at 7 μm and stained with
hematoxylin and eosin.
PGC detection in embryos and gonads
Embryos were obtained from pregnant females at E8.5–E11.5. PGCs were
detected using alkaline phosphatase assays as described (Lawson et al., 1999).
Briefly, whole embryos or genital ridges were fixed in 4%PFA at 4°C for 1 h then
washed in PBSwith 0.1%bovine serum albumin (BSA). Samples were incubated
in 70% ethanol overnight at 4°C and washed three times for 10 min with distilled
H2O. To detect alkaline-phosphatase-positive (AP) cells, samples were stained
with Fast Red TR and α-napthyl phosphate (Sigma) in malate buffer and washed
with PBS. Samples were then embedded in OCT and sectioned at 7 μm. Germ
cells positive for AP were counted in every fifth section.
RT-PCR
RNAwas extracted from gonads and mesonephric regions of E11.5, E12.5,
E13.5 and adult mice using the RNeasy kit (Qiagen). The RNA was reverse
transcribed using Superscript II (GibcoBRL), and Foxc1 cDNA was amplified
using primers F-5′TTT GGC ATC TGG CTC AAG G 3′ and R-5′GC GAATT
GTA GGA GTT CCC TAG 3′. Foxc2 cDNAwas amplified using primers F-5′
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Whole mount immunostaining and immunohistochemistry
Tissue for whole mount immunostaining or section immunohistochemistry
was fixed in 4% PFA at 4°C overnight. Whole gonads used for immunostaining
were washed in PBSwith 0.1%TritonX-100 (PBST) and blocked in a solution of
3% BSA, 10% serum and 0.1% Triton X-100 in PBS for 2–3 h at room
temperature before staining with antibodies. Primary antibodies used were CD-
31/PECAM (BD Bioscience, USA, 1:500), E-cadherin (Zymed, 1:200) and
FOXC1 (Abcam, 1:20). Samples were incubated in the primary antibodies at 4°C
overnight. After washing three times for 15 min at room temperature in PBST,
samples were incubated with secondary antibodies for 1 h at room temperature.
Cy2 and Cy3 fluorescent-conjugated antibodies from Jackson ImmunoResearch
(West Grove, PA) were used according to the manufacturer's instructions.
Paraffin-embedded sections for immunohistochemistry were blocked in 3%
BSA, 10% serum and 0.1% Triton X-100 in PBS for 1 h before staining with
antibodies. Primary antibodies used were GATA4 (Santa Cruz, CA) at 1:200
dilution, after microwave antigen retrieval with 10 mM sodium citrate, GCNA-1
(a kind gift from G. C. Enders) at 1:1 dilution, after antigen retrieval with 20 μg/
ml proteinase K at room temperature for 5 min and NOBOX (a kind gift from A.
Rajkovic) at 1:200 dilution, after microwave antigen retrieval as above. Samples
were incubated in the primary antibodies at 4°C overnight. Secondary
incubations were with biotinylated antibodies (Jackson ImmunoResearch) at
1:200–1:250 dilution for 1 h at room temperature. Signal was amplified by using
streptavidin–horseradish peroxidase conjugate (Vectastain Elite ABC Kit;
Vector, Burlingame, CA) and visualized with 3,3′-diaminobenzidine substrate
(Vector). Tissues were counterstained with hematoxylin.
In situ hybridization
Whole mount in situ hybridization was performed essentially as described
(Wilkinson and Nieto, 1993). [α-35S]TP-labeled probes were generated by using
the Boehringer Mannheim RNA labeling kit and in situ hybridization performed
essentially as described (Hogan et al., 1994). Probes used were Pax2 (540 bp,
Dressler et al., 1990) Lhx9 (∼500 bp, Bertuzzi et al., 1999, a kind gift from Y.
Zhao), Bmp2 (∼600 bp, Yao et al., 2004, a kind gift from B. Capel), Sdf1 (1000
bp, Tissir et al., 2004), LHR (750 bp, Elvin et al., 1999, a kind gift from M.
Matzuk) and 17α-OH (522 bp, Elvin et al., 1999, a kind gift from M. Matzuk)
and Foxc1 (900 bp, Sasaki and Hogan, 1993).
Ovary transplantation
Eight-week-old female SCID mice were used as recipients of ovarian grafts.
The transplantation procedure was carried out as described (Mattiske et al.,
2002). Briefly, ovaries were dissected in PBS from Foxc1 mutant and wild-type
embryos at E18.5. Female SCID mice were anesthetized with Tribromoethanol
(250 mg/kg) (Aldrich Chemical) and ovariectomized. Donor ovarian tissue was
gently inserted through a 1 mm incision in the kidney capsule. After grafting, the
skin was closed with Michelle clips. Ovarian grafts were recovered 2–8 weeks
after transplantation.Results
Foxc1 is expressed in the somatic cells of the developing
gonads
In order to localize Foxc1 expression in the developing
gonad, we took advantage of the fact that the null allele was
generated by replacing the protein-coding sequence and most of
the 3′ untranslated region with a lacZ/PGKneor cassette (Kume
et al., 1998). At E10.5, lacZ expression is detected in the paraxial
and intermediate mesoderm, extending into the mesentery of thehindgut (Fig. 1A). Immunohistochemistry with antibody to
Foxc1 confirms the lacZ staining at E10.5, with expression
strongest in paraxial and intermediate mesoderm. In wild-type
Oct4ΔPE:GFP+ embryos, Foxc1 antibody staining does not co-
localize with GFP+ primordial germ cells (PGCs), indicating that
these cells do not express Foxc1 (Figs. 1B–D). This expression
pattern is confirmed by radioactive in situ hybridization, which
showsFoxc1 expression in the somatic cells of the genital ridges,
but not in the primordial germ cells (Figs. 1E–G).
By E11.5, the intermediate mesoderm has differentiated into
gonad and mesonephric regions. At this time, expression of
Foxc1 is seen in the mesenchyme of both the mesonephros and
gonad (Figs. 1H–I). This expression is subsequently maintained
in somatic cells of the gonad throughout sexual differentiation
and gonad development. In addition, expression is seen in the
Wolffian (mesonephric) (Fig. 1H) and Mullerian ducts (data not
shown). In the adult ovary, Foxc1 is expressed in the somatic
cells of the developing follicles, both in the thecal and granulosa
cells, but not in the oocyte (Figs. 1J–L).
RT-PCR confirms the presence of Foxc1 RNA in the male
and female gonad and mesonephros during embryonic stages of
gonad development and in the adult (Fig. 1M). Foxc2, a gene
highly related to Foxc1, is also co-expressed throughout gonad
development.
Abnormal gonad and mesonephros development in Foxc1 null
embryos
In wild-type embryos, the gonad is formed by proliferation of
the somatic cells of the genital ridge, creating, from E10.5, a
thickening on the ventromedial surface of the mesonephros. In
Foxc1−/− embryos, the extent of this thickening was normal in
anterior regions, but much reduced posteriorly, with abnormal
indentations (Figs. 2A–D). The posterior reduction coincides
with the presence of ectopic mesonephric tubules in Foxc1 null
mutants (Fig. 2A). These have been described previously
(Green, 1970; Kume et al., 2000) and are revealed particularly
clearly by immunostaining for E-cadherin (Fig. 2G). Normally,
the mesonephric tubules in the female begin to regress at E13.5
and are completely absent by E15.5 (Smith and Mackay, 1991).
In striking contrast, the ectopic mesonephric tubules do not
regress in female Foxc1−/− embryos and persist up to E18.5 as a
cluster of tubules separate from both the gonads and the kidneys
(data not shown).
At E12.5, sexual differentiation has occurred, and male and
female gonads can easily be distinguished. Sexual differentia-
tion is normal in Foxc1−/− embryos, even though the gonads of
both sexes remain smaller and misshapen, especially in the
posterior regions (Figs. 2B–D). By E14.5, the male and female
gonads of Foxc1−/− embryos are much reduced, while the
mesonephric tissue remains enlarged (Figs. 2E and F).
Abnormal internal organization of perinatal Foxc1−/− gonads
At E18.5, wild-type ovaries contain distinct cortex and
medulla regions, with germ cells at different stages of
development present in a characteristic gradient within the
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positive germ cells, while the inner cortex region, adjacent to the
medulla, has numerous type I oocytes surrounded by streams of
pre-granulosa cells (Figs. 3A and C). Ovaries from Foxc1−/−
embryos are not only smaller than wild type, they lack distinct
cortex and medulla regions. There are fewer germ cells than
normal, and they appear to be present in clusters scattered
throughout the ovary (Fig. 3B). In addition, few type I oocytes
can be clearly identified at this stage (Fig. 3D). Defects are not
confined to the ovary; no bursa membrane can be detected in
Foxc1−/− embryos, and the oviduct is shorter than normal and
uncoiled (Figs. 3E and F).
The wild-type E18.5 testis contains tightly packed seminif-
erous cords containing germ cells and Sertoli cells, surrounded
by peritubular myoid, Leydig and interstitial cells and a well-
defined tunica albuginea (Figs. 3G and I). In contrast, the
Foxc1−/− testes are not only smaller but have a reduced tunicaalbuginea and contain areas of disorganized cells where no
seminiferous cords are present (Figs. 3H and J).
Early somatic cell markers are expressed normally in Foxc1
mutants
To investigate the abnormal early development of the gonads
in Foxc1 mutants, we examined a number of markers for
specific cell lineages. Lhx9 belongs to the LIM homeobox
domain family of transcription factors and is essential for the
initial specification and development of the gonad ridge (Birk et
al., 2000). It is one of the earliest markers of gonad
differentiation, being expressed from E9.5 in the medial surface
of the urogenital ridge in the somatic cells of the presumptive
gonad. At E10.0, no difference is seen in the level or pattern of
expression of Lhx9 in Foxc1−/− embryos compared with wild
type (Figs. 4A and B). Bmp2 is initially expressed in several
layers of somatic cells just beneath the epithelium in both male
and female gonads but is only expressed in the embryonic ovary
after E11.5 (Yao et al., 2004). At E12.5, there is no difference in
Bmp2 expression in Foxc1 mutants compared to wild type
(Figs. 4C and D). Gata4 is a zinc-finger transcription factor
expressed in somatic cells of embryonic male and female
gonads and in granulosa cells of developing follicles in the
mature ovary (Anttonen et al., 2003). Again, no difference was
seen in expression of this gene between wild-type or mutant
gonads (Figs. 4E and F). Finally, there was no significant
difference in the vasculature of E12.5 male or female gonads as
judged by immunohistochemistry with PECAM, a cell-
adhesion molecule that labels endothelial cells of differentiating
blood vessels (as well as germ cells) (Figs. 4G and H).
Germ cells do not migrate correctly out of the hindgut in Foxc1
mutants
One of the striking features of Foxc1 mutants is the relative
paucity of PGCs in the early gonads. This could be due to aFig. 1. Foxc1 is expressed in the somatic cells throughout gonad development.
(A) At E10.5, Foxc1lacZ expression is strong in the paraxial (p) and intermediate
(i) mesoderm, but not in the epithelium of the genital ridge. Foxc1lacZ expression
also extends into the dorsal region of the hindgut mesentery. No β-galactosidase
staining is seen in Foxc1+/+ embryos (inset). (B and C) Antibody staining to
Foxc1 confirms the lacZ expression and indicates that Foxc1 does not co-
localize with GFP+ primordial germ cells. (C) Shows higher magnification of
boxed region in (B). (D) No staining is seen in Foxc1lacZ mutants. (E)
Radioactive in situ hybridization confirms that Foxc1 is expressed in the
mesoderm of genital ridges, hindgut and mesentery. (F) Higher magnification of
the boxed region within the genital ridges in (E) shows that Foxc1 is expressed
in somatic cells but not in primordial germ cells (arrowheads). (G) No
expression is seen with the Foxc1 sense control. (H) Whole mount in situ
hybridization at E11.5 shows that Foxc1 is expressed in the mesenchyme of both
the gonad and mesonephros, including the Wolffian duct (arrowheads). (I) No
expression is seen with the sense strand control. (J and K) In the adult ovary,
Foxc1 is expressed in both the granulosa (g) and thecal cells (th), but not in the
oocyte (Oo). (L) No expression is seen with the sense control. (M) RT-PCR
confirms that Foxc1 cDNA is expressed in the gonads (g) and mesonephric
regions (m) of both male and female embryos and in the adult. Foxc2 is also
expressed during gonad development. No enzyme control (c). Scale bars = 500
μm (A–B), 100 μm (E, G, H–I, L), 50 μm (J–K).
Fig. 2. Development of gonad and mesonephric regions in WT and Foxc1−/−
embryos. (A) Abnormal development of both gonad (g) and mesonephric
regions (m) is apparent from as early as E11.5. The posterior of Foxc1−/− gonads
is much reduced while the anterior regions appear more normal. Ectopic
mesonephric tubules are present along the length of the mesonephros, with more
of these posteriorly (arrowheads). (B and C) At E12.5, the Foxc1−/− gonads
continue to enlarge and sexual differentiation occurs, with the testis developing
distinct seminiferous cords. However, the posterior region of the gonad shows
characteristic indentations in both testis (B) and ovary (C). (D) Hematoxylin and
eosin-stained sections of E12.5 gonad ridges clearly show the characteristic
indentations in posterior regions (post) compared to anterior (ant). (E and F) By
E14.5, the Foxc1−/− testis (E) and ovary (F) are significantly smaller than WT
gonads and the mesonephric regions remain enlarged. (G) Most mesonephric
tubules, positive for E-cadherin, have regressed by E13.5 in WT embryos, but
ectopic mesonephric tubules persist in Foxc1−/− embryos, contributing to the
greatly enlarged mesonephric region. Minimum of n = 6 for all stages. Scale
bars = 500 μm (A–C, E–G), 200 μm (D).
Fig. 3. Perinatal Foxc1−/− gonads are smaller and disorganized with fewer germ
cells. (A) WT ovaries at E18.5 contain GCNA positive germ cells (brown
staining) within a distinct cortex, surrounding a central medulla region
(demarcated by dotted line). (B) Foxc1−/− ovaries lack a distinct cortex and
medulla and contain fewer germ cells scattered in groups throughout the ovary.
(C) Hematoxylin and eosin-stained sections of the cortex region of WT ovaries
show primordial germ cells in the outer region of cortex and type I follicles
(arrows and inset) within the central cortex region, bordering the medulla. (D)
Fewer germ cells and only a few type I oocytes (arrows and inset) are seen in the
Foxc1−/− ovary. (E) At E18.5, the oviduct in WT embryos is forming coils, and
the ovary is contained within a thin bursa membrane. (F) In Foxc1−/− embryos,
the oviduct remains uncoiled, and a bursa membrane cannot be detected. (G and
I) At E18.5, WT testes contain a well-defined tunica albuginea (t), with
seminiferous cords (c) consisting of germ cells (arrowheads) and Sertoli cells,
surrounded by interstitial cells. (H and J) Foxc1−/− testes are smaller, with a less-
defined tunica albuginea. In addition, while seminiferous cords are present, these
are interspersed with regions of disorganized cells where no cords are apparent
(asterisk).Minimumof n = 6 for all stages. Scale bars = 50 μm (A, C–D, I–J), 100
μm (B, G–H), 500 μm (E–F).
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migration into the gonad, or because PGCs die once they arrive.
We therefore analyzed the number and distribution of PGCs
throughout the migratory and proliferative phases, from E8.5 to
Fig. 4. Early somatic cell markers are expressed normally in Foxc1 mutants. (A
and B) Lhx9 is expressed specifically along the presumptive gonadal ridge at
E10.0 (arrowheads). No difference is seen between WT (A) and Foxc1−/− (B)
embryos in either the level or region of expression of Lhx9. No expression is
seen in sense controls (A inset). (C and D) Bmp2 is essential for normal female
development and is expressed in several layers of somatic cells just beneath the
epithelium at E12.5 in WT gonads (C). Even in the reduced posterior region in
Foxc1−/− gonads (D), Bmp2 is still expressed in this specific pattern. No
expression is seen in sense controls (C inset). (E and F) At E14.5, Gata4 is
expressed in granulosa cell precursors around clusters of germ cells in both WT
(E) and Foxc1 mutant (F) ovaries. No expression is seen in negative controls (E
inset). (G and H) PECAM is expressed in the endothelial cells of developing
blood vessels, along with primordial germ cells. At E12.5 in the male, blood
vessels have surrounded developing testis cords (arrowheads) and form a
distinctive coelomic vessel along the ventral surface of the gonad (arrows).
Extensive vasculature is also seen within the mesonephros. No difference is seen
betweenWT (G) and Foxc1−/− embryos (H), with blood vessels developing even
in the reduced posterior regions of Foxc1 mutant gonads. No expression is seen
in negative controls (G inset). Scale bars = 500 μm (A–D, G–H), 50 μm (E–F).
Fig. 5. PGC migration is disrupted in Foxc1−/− embryos. (A and B) At E8.5,
PGCs stained for alkaline phosphatase are seen migrating through the
hindgut. No difference is seen in the number or migration route of PGCs
between WT (A) and Foxc1−/− (B) embryos. There are significantly fewer
PGCs in Foxc1−/− than in WT genital ridges at both E10.5 (C and D) and
E11.5 (E and F). Fewer PGCs are seen in mutant gonads at E11.5, even in
anterior regions where there is no difference between mutant and wild type in
the number of mesonephric. Inserts in (E) and (F) show sections along the
plane indicated. No ectopic PGCs are observed outside the migration route at
any stage during PGC migration. (G) Mesonephric tubules, which express
Pax2, are present in the anterior regions of the mesonephros in wild-type
embryos, while in Foxc1−/− embryos (H), mesonephric tubules extend into the
posterior regions. Scale bars = 100 μm (A–H).
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and mutant embryos when germ cells are migrating through the
hindgut (Figs. 5A, B and 6A). By contrast, during the period
from E10.5 to E11.5 when PGCs migrate out of the hindgut,
through the mesentery and into the genital ridges, there is a
dramatic decrease in both the total numbers of PGCs and in the
percentage that finally enters the developing gonads (Figs. 5C–
F and 6A). As shown in Fig. 6B, the proportion of PGCs
remaining in the hindgut is significantly greater in mutants than
in wild-type controls, and, in several cases, large clusters of
PGCs can be seen within the hindgut, both within the
epithelium and in surrounding mesenchyme (Fig. 6C). AtE11.5, significantly fewer PGCs are found both in posterior
regions of Foxc1 null gonads, adjacent to ectopic mesonephric
tubules, and in anterior regions, where the number and
distribution of mesonephric tubules are normal (Figs. 5E–H).
Once PGCs are in the gonads, they proliferate at the same rate in
wild type and mutant (Fig. 6A).
Germ cell attractants are still expressed in Foxc1 mutants
The abnormal migratory behavior of the PGCs in the Foxc1
mutants is very similar to that seen in embryos lacking Sdf1
(Ara et al., 2003; Molyneaux et al., 2003), one of only a few
known germ cell attractants required for germ cell migration in
mammals. We therefore examined the expression of Sdf1 during
the period when PGCs normally migrate into the gonads. At
E10.0, Sdf1 is expressed along the dorsal half of the hindgut,
mesentery and in the genital ridges, but not in the ventral
hindgut or mesonephric tubules (Fig. 6D). In Foxc1−/−
embryos, the level and tissue specificity of Sdf1 RNA
expression is not changed, as judged by in situ hybridization.
However, the presence of multiple ectopic mesonephric tubules
in the mutant results in less Sdf1 positive somatic tissue being
present in the region of the genital ridges (Fig. 6E). At earlier
Fig. 6. PGCs do not migrate correctly out of the Foxc1−/− hindgut. (A) A
significant difference in the number of PGCs between WT (black bars) and
mutants (white bars) is first observed at E10.5, after PGCs have normally left the
hindgut, with significantly fewer PGCs in Foxc1−/− embryos. After they enter
the gonads, PGCs continue to proliferate in both WT and Foxc1−/−, but, at
E18.5, there is still significantly fewer germ cells in the gonads of Foxc1−/−
embryos. *P b 0.05. Number of embryos per group is indicated above bars. (B)
The distribution of PGCs at E10.0, as PGCs are migrating into the genital ridges,
indicates that significantly more PGCs remain in the hindgut in Foxc1−/−
embryos (n = 23) than WT (n = 15). (C) This was confirmed by the presence of
clusters of alkaline-phosphatase-positive PGCs within the hindgut epithelium
(arrow) and surrounding mesenchyme. These clusters were not present in any of
the WT embryos examined. (D and E) At E10.0, Sdf1 expression is restricted to
the mesoderm of dorsal hindgut, mesentery and genital ridges (D), but not in
ventral hindgut, hindgut epithelium (arrow) or in mesonephric tubules.
Expression is similar in Foxc1−/− embryos (E), but the ectopic mesonephric
tubules (arrowheads) effectively reduce the domain of Sdf1 expression. (F–I) At
E9.0, Sdf1 expression in anterior regions of the embryo (F and H) is mainly in
the genital ridges and mesentery surrounding the hindgut, but not in the hindgut
endoderm or mesonephric tubules (arrowheads). In more posterior regions (G
and I), Sdf1 is strongly expressed in dorsal regions of the hindgut endoderm
(arrows). (H and I) No difference is seen in the domains of Sdf1 expression in the
wild-type versus Foxc1−/− embryo. Scale bars = 100 μm (C), 200 μm (D–I).
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is expressed in dorsal regions of the hindgut in posterior regions
of the embryo (Fig. 6F) but is mainly expressed in the genital
ridges and mesentery in anterior regions (Fig. 6G). No
difference is seen in the pattern of expression in Foxc1−/−
embryos (Figs. 6H, I).
Folliculogenesis in Foxc1 mutant ovaries is blocked at the
early antral stage
Since Foxc1 mutants die at birth, the further development of
the gonads could not be followed in situ. We therefore explored
the later development of the ovary by transplanting them fromE18.5 embryos into the kidney capsule of immunocompro-
mised, ovariectomized, wild-type adult female mice. They were
evaluated 2, 4 and 8 weeks after transplantation. At 2 weeks,
both WT and mutant ovaries contain primordial, primary and
secondary follicles (Figs. 7A and E), expressing Nobox (Figs.
7B and F), a marker of normal oocyte development (Suzumori
et al., 2002), and Gata4 (Figs. 7C and G), a marker of granulosa
cells (Anttonen et al., 2003). These results indicate that,
although the ovaries of Foxc1−/− embryos contain relatively
few type I oocytes at E18.5, these are capable of initiating
folliculogenesis. Further development of these follicles,
however, does not appear to progress beyond the preantral/
early antral stages, as judged by histology of gonads 4 weeks
after transplantation (Figs. 7D, H, I–L). The granulosa and
thecal cell layers are less well defined than normal, and a clear,
separating basement membrane between the two is not always
present (Figs. 7J and K). Significantly, morphological differ-
ences in the antral and thecal layers are observed before loss or
degeneration of the oocyte. In addition, Foxc1−/− ovaries often
contain polyovular follicles, which are never observed in wild-
type ovaries (Fig. 7L). By 8 weeks, only a few healthy follicles
remain in Foxc1−/− ovaries, which are now typically much
larger than wild type (Figs. 8A–C). In addition to highly
abnormal follicles, mutant ovaries contain extensive regions of
cells that are not organized into follicle-like structures and may
therefore represent proliferating interstitial or stromal cells (Fig.
8B). Dead or dying oocytes, without any surrounding follicle
structures, are often found within these regions. Several
Foxc1−/− ovarian grafts also contain large follicle cysts (Fig.
8C), several of which are hemorrhagic. Only a few of these
cysts contain oocytes, and these oocytes are now degenerating
and are not surrounded by cumulus cells. The periphery of the
cysts is lined with layers of cuboidal cells that appear to be
remnants of the granulosa cell layer and are often only one- to
two-cell layers thick. One out of the four Foxc1−/− ovarian
grafts transplanted for 8 weeks also contained Sertoli cell
tubule-like structures (data not shown).
In situ hybridization was performed to evaluate the
differentiation of thecal and granulosa cell populations in the
mutant ovaries. 17α-OH, a marker for functional thecal cells, is
expressed in the mutant ovaries, although there are disconti-
nuities in expression around the early antral follicles. Signif-
icantly, expression is much reduced or absent around the cystic
follicles (Figs. 8D, E, H, I). A striking difference in expression
was seen with LHR (luteinizing hormone receptor) which is
normally expressed in both thecal cells and in luteinized
granulosa cells (Figs. 8F, G). In the wild-type ovaries,
expression is confined to the thecal cells, but, in the mutant
ovaries, high levels of transcript can clearly be seen in the large
cystic follicles as well as in early antral follicles (Figs. 8J, K).
This suggests that, in the absence of Foxc1, there is premature
luteinization of the granulosa cells of the aberrant follicles.
Discussion
In this paper, we have explored the reasons for the abnormal
development of the gonads in Foxc1 null mutants, focusing on
Fig. 7. Folliculogenesis is initiated in ovaries transplanted into adult hosts. WT (A–D, and I) and Foxc1−/− (E–H, J, and K) ovaries from E18.5 embryos were
transplanted into adult ovariectomized mice for 2 (A–C, E–G) and 4 (D, H–K) weeks. At 2 weeks, both WT and Foxc1−/− ovaries contained primordial, primary
and secondary follicles. These follicles expressed Nobox (B and F) and Gata4 (C and H) in the oocytes and granulosa cells respectively. At 4 weeks, preantral (pa)
and early antral (a) follicles in WT ovaries (G and I) contain well-defined theca (th) and granulosa (g) cells with a healthy oocyte (Oo). In contrast, early antral
follicles in Foxc1−/− ovaries (H and J) are surrounded by cells that cannot be distinguished as granulosa or thecal cells. This abnormal morphology is observed
before any changes are noted in the oocyte. In addition, Foxc1−/− ovaries often contain polyovulatory follicles (K), with up to four oocytes in a single follicle.
Scale bars = 200 μm (A–D), 50 μm (E–F, I–L), 100 μm (G–H).
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inefficiency with which PGCs migrate from the hind gut,
resulting in many germ cells dying before they reach the gonad
primordium. In addition, there are subsequently significant
abnormalities in gonad development independent of the
reduction in the initial number of PGCs entering the genital
ridges. The initial specification of somatic cell precursors
appears to be normal, as judged by the expression of early
markers such as Lhx9, Bmp2 andGata4. Primordial and primary
follicles form normally, but folliculogenesis is blocked at the
early antral stage. Cystic follicles subsequently appear, and the
granulosa cells undergo premature luteinization. Some of these
abnormalities are undoubtedly secondary to late oocyte death.
However, the fact that early defects are seen in somatic cell
organization when the germ cells are still healthy, and the
absence of Foxc1 expression in the oocytes, points to a primary
requirement for Foxc1 in the somatic cells during the early
antral stages.
Possible mechanisms underlying the abnormal migration of
PGCs into the genital ridges
It is clear from our analysis of PGC numbers and distribution
that Foxc1 is required for the normal migration of PGCs from
the hindgut into the genital ridges. Prior to this step, there is no
difference between mutant and wild type in the number or rate
of proliferation of PGCs nor is there a difference in the rate of
proliferation of PGCs once they have entered the gonad.
Therefore, the defect is confined to a specific time window(E9.5–10.5) during which PGCs are moving out of the hindgut
into the genital ridge. There are several possible explanations
for this phenotype. First, mutant PGCs may require Foxc1 cell
autonomously in order to respond to migration cues. However,
there is no evidence that migratory PGCs express Foxc1. At
E9.5 and E10.5, PGCs are not stained by anti-Foxc1 antibody
nor is Foxc1 represented in arrays of genes expressed by PGCs
during and after migration (Molyneaux et al., 2004; C. Wylie,
personal communication).
A second explanation for the PGC deficiency in the genital
ridges is absence of factors that direct the migration of PGCs
into the genital ridges. SDF-1 is currently the only known
candidate factor shown to be essential for PGC migration from
the hindgut via the mesentery to the gonad (Ara et al., 2003;
Molyneaux et al., 2003). Significantly, Sdf1−/− embryos have
the same PGC phenotype as Foxc1 mutants, with reduced
numbers of PGCs entering the genital ridges and clusters of
PGCs remaining trapped in the hindgut. Sdf1 is still expressed in
Foxc1−/− embryos, showing that the transcription factor is not
directly required for Sdf1 transcription. However, Sdf1 is not
expressed in the mesonephric tubules. The presence of
numerous ectopic mesonephric tubules in Foxc1−/− intermedi-
ate mesoderm may therefore effectively reduce the local
concentration of ligand available for attracting the PGCs,
particularly in the posterior regions of the genital ridge.
A third, non-exclusive, explanation for the defect in PGC
migration is that Foxc1 is required for chemotaxic signaling by
a mechanism independent of Sdf1. Evidence for such a
mechanism comes from the fact that some PGCs do still reach
Fig. 8. Folliculogenesis is blocked at early antral stags in Fox1−/− ovaries. At 8 weeks after transplantation, WT ovaries (A) display all stages of folliculogenesis,
including large antral follicles (a) with healthy granulosa (g) and thecal (th) layers and a fluid-filled antrum surrounding a growing oocyte (Oo). Folliculogenesis in
Foxc1−/− ovaries (B–C) does not proceed beyond the early antral stage, and only a few healthy preantral follicles remain. (B) Transplanted Foxc1−/− ovaries often
contain large areas of proliferating interstitial or stromal cells and large cystic follicles (C). These follicles contain thin layers of cells that appear to be remnants of the
granulosa layer, and, occasionally denuded dying oocytes are seen. (D, E, H and I) 17α-OH is normally expressed in the thecal cells of both preantral (D) and antral (E)
follicles. Preantral follicles in Foxc1−/− ovaries express 17α-OH in thecal layers (H), but this expression is reduced in large cystic follicles (I). Note the dying oocyte
(arrowhead) in the small antral follicle in (I) where 17α-OH has been completely lost. (F, G, J and K) LHR is normally expressed in the theca layers of developing
follicles (F) and remains restricted to thecal layers in large antral follicles (G). In Foxc1−/− ovaries, LHR is often expressed in patches in granulosa cells of preantral
follicles (J) and is highly expressed in the granulosa cells of both early antral and cystic follicles (K). Scale bars = 200 μm (A), 400 μm (B), 500 μm (C), 100 μm (D, F,
H–K), 50 μm (E, G).
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numbers. In addition, there is a paucity of PGCs in the anterior
of the genital ridge of Foxc1−/− embryos, which is not
associated with ectopic mesonephric tubules. One possibility
is that BMP or TGFβ-related pathways are involved in PGC
migration and that these are disrupted in Foxc1 mutants. Foxc1
has been shown to mediate BMP2 and BMP7 signaling during
calvarial bone development (Rice et al., 2003), and Foxc1-
deficient cells from sternal primordium have a reduced response
to added either TGFβ or BMP2 in chondrogenic micromass
cultures (Kume et al., 1998). Furthermore, FOXC1 has been
shown to be a TGFβ1-responsive gene in human ovarian,
endometrial and cervical cancer cell lines (Zhou et al., 2002).
BMP2, 4 and 7 are all expressed in the hindgut mesentery and in
the genital ridges at E10.0 (Zakin et al., 2005; data not shown).
TGFβ1 was originally identified as a source of chemoattractant
for PGCs in the genital ridges (Godin and Wylie, 1991),
although a conflicting study suggests that TGFβ1 is negatively
regulating PGC migration through regulating levels of collagen
type I (Chuva de Sousa Lopes et al., 2005). Significantly, at
E10.5, Foxc1 is expressed along the route of PGC migration out
of the hindgut, overlapping with BMP and TGFβ1 expression
and activity domains as revealed by immunohistochemistry for
phosphorylated Smad2 and phosphorylated Smad1/5/8 staining(Chuva de Sousa Lopes et al., 2005). It is therefore possible that
Foxc1 mediates intercellular signaling in the hindgut, mesentery
and genital ridges required for the correct migration of PGCs
out of the hindgut region.
Failure of somatic cell–germ cell interactions and follicle
development in Foxc1 mutant gonads
Abnormalities in the ovary of Foxc1−/− embryos are seen
from the earliest stages of gonad development. In the prenatal
ovary, the germ cells are not tightly localized in the cortex
region, and type I oocytes with surrounding granulosa cell
precursors cannot be identified easily. Nevertheless, unlike the
situation in Foxl2 mutants, primordial and primary follicles are
present in the transplanted Foxc1 mutant ovaries, although their
organization is abnormal and they fail to proceed beyond the
preantral stage. This would normally entail the formation of an
expanded antral cavity and distinct layers of proliferating and
differentiating mural and cumulus granulosa cells around a
healthy oocyte. By contrast, the theca and granulosa cell
populations in Foxc1 mutant early antral follicles are not well
defined, as judged by histology and the distribution of 17α-OH
transcripts. Polyovular follicles are also observed. The findings
that abnormalities in the mutant follicles can be seen before
456 D. Mattiske et al. / Developmental Biology 290 (2006) 447–458oocyte death and that Foxc1 is not expressed in the oocytes
themselves point to a primary requirement for Foxc1 in the
somatic cells to respond to signals from the oocyte. Defects in
the organization of the theca and granulosa cells may also be
due to a failure in reciprocal signaling between these two
populations.
The complexities in the known interactions between
developing follicles and extra-gonadal sources of hormones
and signaling factors complicate attempts to pinpoint the
primary defect(s) in the Foxc1−/− somatic cells of the ovary.
Undoubtedly, some of the later abnormalities in the transplanted
mutant ovaries are secondary to early defects in the granulosa
and thecal cells and to the ultimate death of the oocytes. Among
these late defects are the formation of follicle cysts, premature
luteinization of granulosa cells and the Sertoli cell tubule-like
structures observed in one of the grafted ovaries. These
phenotypes have been observed in inhibin-deficient mice
(Matzuk et al., 1992), estrogen receptor α and β null mice
(Couse et al., 1999) and mice overexpressing follistatin (Guo et
al., 1998), FSH (Kumar et al., 1999) and AMH (Behringer,
1995). All of these genes are expressed in granulosa cells and
have been shown to regulate granulosa cell fate. Other reports
have shown that loss of oocytes can lead to both formation of
Sertoli-like cells from granulosa cells (Guigon et al., 2005) and
luteinization of the surrounding granulosa cells (Dong et al.,
1996; el-Fouly et al., 1970). The phenotypes in the Foxc1mutant
ovaries are similar to those seen in transgenic mice over-
expressing FSH (Kumar et al., 1999) and may also be secondary
to early defects in the ability of the granulosa cells to respond to
elevated FSH levels in the host mice following ovariectomy.
Putting aside likely secondary effects, the early block in
folliculogenesis in Foxc1 mutant ovaries suggests that Foxc1 is
required in the somatic cells of the follicle for progression to the
mature antral stage. One possible explanation is that this is due
to a failure in the somatic cells to respond to BMP/TGFβ-
related signals. TGFβ1, activin and inhibin are key players in
antral follicle development. In culture, TGFβ1, in the presence
of FSH, stimulates growth of preantral follicles (Gueripel et al.,
2004; Liu et al., 1999), and activin A promotes preantral growth
and stimulates antrum formation in follicles from immature
animals (Liu et al., 1998; Yokota et al., 1997). ActRIIA
knockout mice exhibit arrest of folliculogenesis at the early
antral stage (Matzuk et al., 1995a,b). Inhibin-α-deficient mice
exhibit tumors which are stimulated or progressed by elevated
FSH levels (Kumar et al., 1996; Matzuk et al., 1992). The fact
that Foxc1 mutant ovaries display a block in folliculogenesis at
the early antral stage and develop large masses of stromal cells,
similar to those seen in inhibit-α-deficient mice, raises the
possibility that Foxc1, like Foxl2, acts within the activin/inhibin
signaling network. Furthermore, FOXC1 has been identified as
a TGFβ1-responsive gene, and FOXC1 inactivation has been
observed in human endometrial and ovarian cancers, suggesting
that FOXC1 functions as a putative tumor-suppressor gene
downstream of TGFβ1-related signals (Zhou et al., 2002).
Further work is clearly required both to separate out the primary
effects of FOXC1 from the secondary effects of elevated
gonadotropins and to define its possible role in mediatingTGFβ-related signaling pathways required at the early antral
stage of folliculogenesis.
The abnormal morphology of the oviduct and the lack of a
bursa membrane in Foxc1 mutants suggest that Foxc1 has a
role in the patterning and differentiation of the anterior female
reproductive tract. Another forkhead gene, Foxj1, is required
for epithelial cell ciliogenesis in the postnatal oviduct, a
process stimulated by estradiol-17β (Okada et al., 2004).
However, a previous role for forkhead genes in early oviduct
morphogenesis has not been described. The Müllerian duct
differentiates after birth into the oviduct, uterus, cervix and
upper part of the vagina, and this patterning is affected by
disruptions in the anterior–posterior expression of Hox genes
(Block et al., 2000; Taylor et al., 1997). Other genes have been
identified that are required for the differentiation of oviduct cell
types, but the mechanisms controlling their expression along
the length of the Müllerian duct are largely unknown
(Kobayashi and Behringer, 2003). The formation of the
indifferent Müllerian duct in Foxc1 mutants suggests that
Foxc1 is not required for invagination of this duct from the
mesonephros, but further analysis of the phenotype is
precluded by the neonatal lethality of the mutants. An
intriguing possibility is that Foxc1 is involved in the
development of the anterior domain of the Müllerian duct by
acting upstream or downstream of Hox genes.
Finally, it is important to note that Foxc1 has a closely related
family member, Foxc2. The two proteins share a virtually
identical DNA-binding domain, along with overlapping
domains in many embryonic tissues, as shown here in the
developing gonads (Hiemisch et al., 1998; Kume et al., 2000;
Winnier et al., 1997, 1999). Most embryos that are compound
heterozygotes for null mutations in Foxc1 and Foxc2 have the
same spectrum of cardiovascular and kidney defects as seen in
each single homozygous null mutant (Kume et al., 2000;
Winnier et al., 1999), suggesting functional interaction between
the two genes. Therefore, it is likely that a more severe
phenotype would be seen in follicular development if both
Foxc1 and Foxc2 genes were inactive. However, the death of
compound mutants during early embryogenesis, before gonad
development (Wilm et al., 2004), precludes the possibility of
analyzing this without conditional alleles.Acknowledgments
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